In the last years dry electrical discharge machining (DEDM) has been proposed as an alternative to the traditional EDM. The main reason for these efforts is the absence of a liquid dielectric which results in a simpler and environmentally friendly process. This paper presents measurements of the material removal rate in function of different tool electrodes, work piece materials and flushing gases put in relation with the breakdown behavior of the process. Evaluation of absolute and current specific material removal rate are presented. The data show a big influence on the material removal rate depending on the combination of work piece material and flushing gas. Two different effects are observed, the first enhancing the removal per spark and the second one reducing the short circuiting occurrence. The share of these two effects on the enhancing of the absolute material removal rate also differs in function of the work piece material. It is suggested that the chemical reaction strongly influences the process in two different ways, on one hand releasing a surplus of energy and on the other hand changing the debris particles' properties.
Introduction
Electrical Discharge Machining (EDM) is a well known and established machining process characterized by its high precision and ability to machine materials considered hard to machine. Nevertheless the removal mechanism of the process is still disputed and beside a good empirical knowledge there is still poor insight of the physical phenomena according to [1] . Dry Electrical Discharge Machining (DEDM) is a new process based on the traditional EDM with the particularity that gaseous dielectric is utilized instead of liquid dielectric. The advantage in respect to traditional EDM is first of all that no liquid is needed for the process. This allows a simpler EDM machine which does not need to take care of keeping the liquid inside. Another advantage is, that in comparison to die sinking EDM usually performed in mineral oil, the process is environmental friendlier. Other advantages as higher removal rate and very little tool wear ratio have been attributed to DEDM in [2] and [3] . Furthermore the capability to combine EDM with other processes, to design process chains with EDM can be enhanced.
In the traditional process the main function of the liquid dielectric is to isolate electrode and work piece, to cool them and to flush the working gap ensuring a stable process. To ensure these functions without liquid dielectric some measures need to be taken in the dry version of the process. Kunieda and Yoshido [4] proposed to use a rotating tube electrode flushed from the inside, which became a standard for DEDM. The pressurized gas coming from the inside of the electrode carries away the eroded material particles from the working gap. The rotation of the electrode helps flushing creating a vorticity and leads to a more stable process. An enhancement of the material removal rate adding oxygen in a liquid dielectric has been shown by Kunieda and Furuoya already in [5] . In DEDM usually pure molecular oxygen is used as working gas because of its supportive effect on material removal rate. Further improvement of the process has been presented by Kunieda et al. in [6] using a piezoelectric actuator with the aim to avoid the high short circuiting probability due to the very narrow gap we have in DEDM. Zhang et al showed in [7] that assisting DEDM with ultrasonic vibration also improves the material removal rate. Efforts have been made as reported by [8] to characterize this new process and optimize it, trying to reach higher removal rates, lower tool electrode wear and better surface characteristics. A complete review of the research works in the field of DEDM till 2006 can be found in the work of Abbas et al [9] . The removal mechanism of EDM is a stochastic microscopic elementary phenomenon which is repeated at high frequencies and thus leads to a macroscopic predicable process. The models of EDM removal mechanism usually base on the thermal energy introduced into the work piece through the point where the plasma channel is in contact with the metal. Due to the little time and space scale as well as the stochastic nature of the process a physical understanding of the microscopic removal mechanism relied on experimental proof is very hard to achieve. The knowledge gained in the long research on EDM in liquids has been often transferred to the younger research on DEDM and used to explain the experimentally observed phenomena. But the analogy goes astray as the physical mechanisms behind the process are evidently not all the same as in wet EDM. For both EDM processes, dry or wet, it is important to have a stable gap control able to maintain the ideal distance from tool electrode to the work piece.
Parameters that influence the breakdown distance of the gap are mainly the applied voltage, the breakdown strength of the dielectric fluid, the pollution of the gap, the electrode surface, the material and the geometrical form of the tool electrode. In traditional EDM the breakdown voltage of the dielectric fluid is small enough that gaps from few micrometers till hundreds of micrometers are possible. On the contrary in DEDM only very narrow gaps are possible because of the high breakdown voltage of the gases applied. This is a big challenge for the technology because the small gap is harder to control. The servo control is not able to avoid short circuit on one side and longer ignition delay times on the other side. This paper shows how the work piece material and the flushing gas are crucial for the process stability and how they affect the removal rate not only due to the different physical properties leading to different removals per spark, but also due to the properties that affect the discharge behavior of the process. The different results presented here depend not only on these two individual parameters but show also a strong interdependency of the two. The aim of this work is to gain a better insight of the controlling factors of the process regarding the MRR and the stability of the DEDM process. For this reason not many results regarding surface integrity and tool wear are presented maintaining the focus on the removal mechanism.
Materials and Methods

Experimental Set Up
The experimental set up consists in a Spirit II EDM machine from AGIE. An additional spindle from 3R (3R-6.300-EHS16) provides a high speed rotation of the tool electrode. High pressure gas is provided from gas bottles through a pressure regulator and a mass flow measurement system into the spindle and then from the inside of the tool electrode to the work gap. The setup is designed for tool electrode rotational speed up to 2000rpm and gas pressures up to 35 bars. The working gas can be easily changed by changing the gas bottle. In the DEDM experiments, that are presented here, only oxygen and air have been used as working medium. A LeCroy Wave Runner 44MXi-A digital oscilloscope is used to monitor and evaluate the voltage and the current signals over the time. 
Electrodes and Work Pieces
The used electrode materials are pure copper and cemented carbide multichannel electrodes from Balzer Technik. The copper electrode is a two channel electrode and the cemented carbide is a four channel electrode. The cross sections are shown in Fig. 1 . The outer diameter of both electrodes is 1 millimeter. The inner diameter of the copper electrode is 0.44 millimeters and the width of the division bar is 0.13 millimeters which results in a cross section of the copper electrode of 0.69 square millimeters. The cemented carbide electrode has an inner diameter of 0.6 millimeters and division bars with a width of 0.135 millimeters. This corresponds to a cross section of the cemented carbide electrode of 0.64 square millimeters. The multichannel electrode with two or four channels has mainly two advantages. On the one hand during rotation it curls the gas flow more than a single channel electrode leading to a better flushing of the working gap. On the other hand, if a pure drilling operation is executed it avoids the formation of a gudgeon in the middle of the hole. The utilized work piece materials are the stainless steel SS304, cemented carbide, aluminum, copper and gold.
Measurements
During the erosions the machining time is measured and documented. The eroded volume is evaluated after the erosion with a 3 dimensional data set of the work piece, generated with an Alicona Infinite Focus microscope. Dividing the eroded volume by the erosion time the Material Removal Rate (MRR) in mm 3 /min can be calculated.
The tool wear is measured directly after the erosion, measuring the difference of the electrode length before and after the erosion process Δl. Multiplying the worn length Δl with the cross section area A T of the tool electrode the worn volume is obtained. The Tool Wear Ratio (TW R) is calculated by dividing the worn volume of the electrode by the eroded volume of the work piece:
During the erosion also the electrical behavior of the process is monitored and measured on the oscilloscope. A minimum of two seconds with a resolution of 20MHz of voltage and current signal over the working gap are stored 
The right combination of the measured times finally permits to educe the individual sparking, arcing and short circuit times. Putting the results in relation with the total measurement time of two seconds, the partitions of the occurred spark, arcs, shorts and ignition delay times can be calculated. Two seconds may look not representative for an erosion that can take several minutes, but in comparison to the regulation times of the working axis, which happens in the kHz range, it becomes clear that in a couple of seconds enough cycles have occurred.
The surface roughness R a has been measured picturing the bottom of the drilled holes with Alicona Infinite Focus microscope. From the optically generated 3D data set a value for R a is evaluated conform to ISO 4287.
Experiments
Two sets of experiments are presented here. The first one aims to show the difference between cathode and anode material regarding process stability and MRR and is described in section 3.1 and section 4.1 respectively. The aim of the second one is to show the influence of the flushing gas in combination to the work piece material on the MRR and it's described in section 3.2 and section 4.2 respectively. It is well known, but also been observed in this work, that in DEDM an important removal happens at the anode and only a poor one at the cathode independently from the chosen erosion parameters. Therefore in the work presented here all experiments have been conducted with negative tool polarity. The rotational speed of the electrode has been set at the maximum possible value of the spindle, since the maximum MRR in function of the rotational speed is observed at this value.
Comparison of Different Anode and Cathode Materials in DEDM with Oxygen
As experiments vertical drilling of holes of at least 1 millimeter depth are performed. To see how the tool Flushing fluid Oil electrode and work piece material influences the material removal rate a fixed set of dry electrical discharge machining parameters and a single gas has been chosen -only the materials are changed. The main parameters are listed in Table 1 . The electrical parameters have been chosen to guarantee a stable and not too aggressive process for the combination of several electrode materials. For this reason parameters as for example pause time T P and current I are not set to reach the maximum of the removal rate. The combinations of the tool electrode and work piece materials which have been tested are listed in Table 2 . The MRR, the discharge behavior, the current specific MRR and the TW R have been evaluated for this erosions. Only one trial per material combination has been conducted. For this reason no standard deviation can be evaluated.
To have a comparison of the discharge behavior in a liquid dielectric the same experiment has been conducted in oil. The aim was not to compare the material removal rate which has not been optimized for none of the two processes but to have a comparison of the electrical behavior of the two processes. For this reason the same parameters which have been used in DEDM have been used for the oil erosion. Just the rotational speed and the flushing pressure of the working fluid have been changed because the experimental set up for erosion in oil was not capable to reach the same values. In Table 3 the values of the pa- 
Comparison of Different Anode Material in
Combination with Different Flushing Gases for DEDM To gain insight also into the influence of gases and especially the mutual influence of gas and work piece material on discharge phenomena and MRR the same vertical drilling erosions are performed also with different anode materials in combination with different flushing gases.
Essentially four work piece materials (steel, copper, aluminum and gold) are eroded with a copper electrode and two different flushing gases (air and oxygen). All the combinations of the experiments are listed in Table 4 . Erosion parameters with a little more energy are chosen for these experiments. The reason is to have not too small MRR for the erosion with air so a larger current and a shorter pause time are chosen. The applied parameters are listed in Table 5 . The MRR, the discharge behavior, the current specific MRR and the resulting surface roughness have been evaluated for these erosions. For the experiments with copper, aluminum and gold as work piece three repeats have been conducted. The results presented in section 4.2 are the mean value and the error bar is the standard deviation of the repeats. The erosions in stainless steel have been made in combination with other experiments with no repeats of the single trials. For this reason no standard deviation can be calculated and no error bar is shown in the graphs for the erosions in stainless steel. Also no surface roughness can be evaluated for stainless steel since the work pieces have been used for other destructive measurements. Nevertheless the comparison of the MRR and the process stability is interesting and therefore presented in section 4.2 with the other materials.
Results
Results with Different Anode and Cathode
Material with Oxygen
Material Removal Rate
The result of the experiment shows a little higher material removal rate when cemented carbide tool electrode is used instead of the copper electrode. In Fig. 2 the measured material removal rate is represented in dependence on the several material combinations. When cemented carbide is used as work piece the material removal rate is clearly less than the one with stainless steel. So it becomes obvious that the work piece material has a major influence on the material removal rate. On the other hand the influence of the tool electrode material on the material removal rate is very small in comparison to the influence of the work piece material. A strong dependency of the work piece material and a poor one of the tool electrode on the MRR are expected, since the material properties such as melting temperature and heat conduction coefficient of the work piece and not the one of the tool electrode are decisive to the crater volume created by single sparks and consequently to the removal rate. This is reasonable as long as we can assume the same discharge frequency and input energy. In section 4.1.3 and section 4.1.4 the discharge behavior and the current specific material removal rate of the same erosions are presented. The results show big differences in the discharge behavior and therefore in the effective input energy. Considering this we have to be very careful deducing the reasons of the different measured MRR. An extensive discussion on this topic will follow in section 5.1 and 5.2.
Influence 
Tool Wear Ratio
In Fig. 3 the tool wear ratio is represented in dependence on the several materials that have been combined. It is observed that CC has a bigger TW R then Cu. The reason for this behavior might be the different heat conduction coefficient of the two materials. The copper withdraws heat faster from the working area reducing the erosion of the tool electrode. The reason for the difference between the CC-SS304 and the CC-CC tool wear ratio can be found looking at the discharge behavior (see section 4.1.3).
With cemented carbide work piece the frequency of the shorts becomes larger, so the ratio of time where energy is converted in the gap drops. For this reason the cemented carbide tool electrode has more time to take away the heat and wears less than while eroding SS304.
In Fig. 4 an example of a dressed copper electrode and a worn one are shown. The length wear of the electrode, i.e. the frontal shortening which is happening during the erosion, is not visible in these pictures because we fitted the electrode in the image. The shortening is measured right after the erosion and used to calculate the TW R how described in section 2.3 and showed in Fig. 3 . In Fig. 4 we can observe a rounding of the corner in front of the electrode as well as some attachments of material on the frontal area and on the sidewalls. These images shall be an example of a worn electrode although the wear and the material attachment may look different in function of flushing gas or work piece material.
Discharge Behavior
In Fig. 5 the sparking, arcing, short circuit and ignition delay times are represented in function of the several material combinations. It has to be noted that that the Y axis is displayed only till 50% hiding the 50% where only ignition lag occur. This is done to see better the significant part of the graph, but the total sum of the bars is always 100% and the not displayed part belongs to the ignition lag. The setting of the erosion parameters should lead to a theoretical relative ignition lag time of 70 (this value is valid for all the experiments presented here). When only few short circuits occur, the rest of the time will be divided between sparks and arcs with a total of about 30%. But if many short circuits occur the machine retracts the electrode trying to avoid them. This reaction leads to a bigger ignition lag time and the summed time of sparks, arcs and short circuits drops to smaller values than the theoretical 30%. Here it is notable -as has already been shown for the material removal rate -that there is a major influence from the work piece material and only a small influence from the tool electrode material. For erosion like the two in SS304 where few short circuits occur and a value near the theoretical ignition lag is reached we speak about a stable process. On the other side, as we can observe for the erosions in CC where many short circuits occur and the ignition lag time is rising we speak about a less stable process.
Current Specific Material Removal Rate
For manufacturing specific material removal rates are always defined by dividing the MRR by some effort variable. A current Specific Material Removal Rate (SMRR) is defined by dividing the MRR by the time averaged current value I a : The time averaged current is calculated with the relative sparking time τ S and the relative arcing time τ A because these are the only times, where the flowing current is supplying energy to the working gap. In case of short circuiting the gap voltage is vanishing, so no power is converted over the gap. In case of ignition delay obviously no power is converted too because the current is not flowing. The spark time T S divided by the sum of spark time T S and pause time T P is representing the duty cycle of the process. It should be noted that since the quantity of charges in one spark is given by the generator in function of the current I and the discharge time T S and remains fixed during the process. The current specific material removal rate SMRR is thus proportional to the removal per spark. In Fig. 6 the SMRR is represented in function of several anode and cathode material combinations. It becomes clear that the current specific removal rate does not change significantly in function of the work piece material. In other words, also if the absolute MRR shows clear differences in function of the anode material, there is quite no difference of removal per spark. This confirms that the influence of the stability on the MRR is much bigger than the influence due to the different physical properties of the work piece material, which should lead to different removals per spark. The influence of the anode material on stability is discussed further in section 5.
Discharge Behavior in Oil
In Fig. 7 the discharge behavior in dielectric oil is presented. Also here a clear influence of the tool electrode and work piece material is noticeable. The negative tool electrode polarization which is not ideal for copper-steel erosion, the short pause time T P as well as the different flushing of the working gap lead to high short circuit rates. Because it is important to have the same polarization of the electrodes, the poor sparking and arcing times are taken into account by just look at the relative behavior in function of the materials. In contrast to the DEDM results the influence of work piece electrode material seems not to be so dominant. 
Results for Different Anode Materials and Flushing Gases 4.2.1. Material Removal Rate
In Fig. 8 the MRR in function of different work piece materials and flushing gases can be found. The error bar of copper, aluminum and gold represents the standard deviation measured by repeating the experiments three times. We observe for all the measured materials but gold that the flushing gas has a strong influence on the MRR. This obviously correlates with the inert nature of gold. This evidence along with the further analysis of stability and current specific material removal rate allows interesting conclusions discussed in section 5 which go beyond the trivial differences between the materials and gases.
Discharge Behavior
The measurement of relative spark, arc short and ignition lag times also shows some clear differences in function of work piece and flushing gases. Surprisingly two different behaviors in function of the flushing gas can be distinguished. On one hand we have stainless steel and copper that strongly change discharge behavior when oxygen is applied as flushing gas instead of air. On the other hand we have aluminum and gold which stability Influence of the Anode Material and the Flushing Gas on the Dry Electrical Discharge Machining Process Fig. 9 . Sparking, arcing, shorts and ignition delay times in function of different materials and gases.
seems not to be affected from the flushing gas. For SS304 and copper, there is a correlation between the material removal rate and the stability of the process but there is none for aluminum, where despite unaffected stability in function of the flushing gas, big differences in the MRR are measured. The current specific material removal rate helps us interpreting the presented data.
Current Specific Material Removal Rate
Concerning the influence of flushing gas on SMRR work piece materials can be distinguished in three different classes of behavior.
1.) Gold shows no difference in the stability nor in the material removal rate, when changing the gas. No significant changes can be noted for the discharge frequency as well as the removal per spark.
2.) Aluminum shows no significant difference in function of the gas regarding the stability and the discharge frequency but a big difference for the absolute MRR and the SMRR. This gives clear evidence, that oxygen as flushing gas enhances the removal per spark with respect to erosion with air, but doesn't change the discharge frequency.
3.) Steel and copper show a difference in the stability and also a difference in absolute and specific MRR. This means that the enhancement of the absolute MRR of these two materials by larger oxygen content in the flushing gas is due to a larger removal per spark and a more stable process with a higher discharge frequency. The proportion of the influence of the two effects is different for the two materials. While for stainless steel the percentage of influence due to the stability or the removal per spark are roughly 70 and 30% respectively, for the copper they are 60 and 40%. For aluminum 0 and 100% respectively are obtained, since only the removal per spark is influenced by the oxygen content. 
Surface Roughness
In Fig. 11 the measurements of the surface roughness R a in function of the different work piece materials and flushing gas are showed. The values of gold and copper don't seem to vary much in function of the flushing gas. Copper even seems to have a slightly lower roughness when eroded with oxygen although the difference is not significant. The only material that shows a bigger difference in function of the flushing gas is Aluminum. The difference in surface roughness measured for Aluminum may be caused by a stronger oxidation of the molten work piece material in comparison to the other materials which leads to deeper craters resulting in bigger R a .
In Fig. 12 the surface of DEDM machined aluminum with air and oxygen as flushing gases can be observed (same scale for both images). It is clearly visible that the erosion with oxygen produces surface with bigger structures than the erosion with air. This goes along with the bigger values of surface roughness due to bigger craters and fits with the fact that the enhancement of the MRR in aluminum caused by oxygen in comparison to air, seems to be caused mainly by a greater removal per spark and not by a greater discharge frequency.
Discussion
On the Influence of the Anode Material
The results shown in section 4.1 on material removal rate in the DEDM experiments show a clear influence of the anode material. In traditional EDM this behavior is expected and mostly depends on the different physical properties of the eroded material, especially on heat conductivity and melting temperature. The reason of this dependency is that a given energy input of a spark will lead to different craters on the work piece due to the different physical work piece material properties. The specific material removal rate for DEDM of the different material combination shown in section 4.1 is nearly not affected by the different anode materials. In other words the removal per spark is not changing significantly in function of the work piece material. This means that what significantly changes the process are not physical properties as heat conduction coefficient or melting temperature, which show their effect when a discharge occurs, but more likely material properties which influence the stability of the process and therefore the discharge frequency of effective sparks. The comparison with the measurement in oil shows that also in oil EDM the influence of the materials is obviously present, but it is completely different.
In traditional EDM particles in the dielectric fluid can have a great influence on the gap distance and the discharge behavior. So also the different physical properties of the eroded particles of the work piece materials can affect the erosion process leading to frequently short circuiting. As reported also in [10] the SS304 used as work piece is an austenitic and therefore nonmagnetic stainless steel. The observed debris in case of oxygen as flushing gas has ferromagnetic properties and is mainly not conductive. These properties suggest that the main content of the debris eroded with oxygen is iron(II,III) oxide. For cemented carbide it was not possible to collect any significant amount of debris, anyway supposing the debris are oxidized, mostly to CO 2 and tungsten oxide may be expected from the erosion. But no tungsten(VI) oxide occurred, as no yellow debris has been observed, tungsten(IV) oxide with the chemical formula WO 2 may constitute the main part of the debris. This oxide has the particularity to be a good conductor. The effect that these properties can have on the stability of the process, will be discussed further in section 5.2.
Influence of the Anode Material in
Combination with the Flushing Gas
In section 4.2 it is clearly shown that besides the influence of the anode material the flushing gas can have a major influence on the stability of the process and on the removal per spark. The results also show that anode materials exist, that are not affected by different oxygen contents in the flushing gas (i.e. gold). This shows that the combination of the work piece material and the flushing gas is the crucial factor of the DEDM process and as discussed briefly in section 4.2, it affects the process mainly in two ways. Oxygen enhances the discharge frequency of effective sparks due to a more stable process with less short circuiting. Oxygen also enhances the removal per spark. It seems to be obvious that the discussed effects are related to the chemical reactions between the flushing gas and the work piece material. The two effects will be discussed in more detail in section 5.2.1 and 5.2.2 respectively.
Removal per Spark
Regarding the enhancement of the removal per spark in function of the oxygen content in flushing gas it is reasonable, as Kunieda and Furuoya already suggested in [5] , that the heat energy released during the oxidation of the eroded material contributes to melt even more material enhancing the removal per spark. On the other hand it is also reasonable that these eroded and oxidized particles have different physical properties and cannot really reattach to the work piece, thus enhancing the flushing efficiency of the sparks. This leads to the same macroscopic effect of more removal per discharge. These two effects can act together with different proportions for different work piece material.
Stability of the Process
It may be suggested that different gases lead to different discharge conditions due to different properties as for example the dielectric strength. But as already suggested from Roth et al. in [11] using traditional EDM generators, where the maximum open voltage is around 250 V, the minimum of the Paschen's diagram for a gas discharge cannot be reached. In the Paschen's diagram of the applied gases the minimum breakdown voltage is over 300 V. Nevertheless sparks occur when the working gap gets small enough. In the last years several efforts have been made to characterize electrical breakdown over micro gaps because of their applications in micro electro mechanical systems. It has been shown that in case of gaps less than 5 μm in atmospheric air and with at least one metallic electrode there is a discrepancy with the Paschen's curve [12] . A linear dependency between gap distance and breakdown voltage is observed till the Paschen's curve is reached. In fluid or in larger gas filled gaps an electron avalanche triggers the breakdown, ionizing the molecules present in the gap. But in case of very small gas filled gaps the free path of gas Influence of the Anode Material and the Flushing Gas on the Dry Electrical Discharge Machining Process molecules is too long in comparison to the gap distance.
Only few molecules will be present in the gap. The reason for the increasing breakdown voltage of Paschen's curve for very small gaps is the lack of gas molecules.
In case of at least one metallic electrode, and gaps, that are small enough (<5 μm), an electron field emission can trigger the discharge at lower voltages than the electron avalanche through the gas would do [13] . This mechanism is more similar to a vacuum discharge than a gas discharge. This means that the ignition mechanism of the DEDM discharge is not the same as the one known from traditional EDM in oil or deionized water and it is not directly depending on the flushing gas. Supporting this evidence there are also several spectroscopic measurements where in the case of DEDM only metallic plasma and no lines of the gaseous species have been observed. Kanmani Subbu et al. [14] measured the light emission of sparks during DEDM and evaluated plasma temperature and electrode density using the line pair method. In this publication images of several spectral measurements are shown and it is clearly visible that there is mostly a metal plasma and not gas atoms scattering the light. On the other hand Descoudres [15] published spectral measurements of EDM plasma in deionized water. The results show a spectrum where hydrogen and oxygen are the principal lines. Last but not least in this work erosion of gold work piece with copper electrode flushing with air and oxygen has been presented and no significant difference has been noted between the two gases. This means that there is no influence on the discharge behavior of the process as long as the gas has no chemical reaction with the work piece material. Therefore the influence on the stability of the process can't be ruled by different gas properties such as different dielectric strengths. Further on, it might be suggested, that the difference of the electron field emission of different oxide film thicknesses play a role in the stability of the process in function of the flushing gas. In fact, as Haylen et al. showed in [16] , a thicker oxide film on a copper electrode leads to an enhancement of the number of the field emitted electrons. For the DEDM process this could mean a larger working gap for unchanged electrical conditions and therefore less short circuiting and higher burning voltages. Nevertheless this effect should be visible also in the erosions with gold electrode since it acts on the negative charged copper tool electrode. So also this hypothesis is confuted.
It has been suggested from Roth et al. in [10] and [11] that the properties of the debris particles flushed through the working gap might play a significant role on the stability of the process. The hypothesis consider essentially that if the eroded particles are electrically conductive the gap will be hard to control and the servo regulation won't be able to avoid short circuiting, but if the same particles are insulating they won't disturb the servo regulation and they might even avoid short circuiting preventing the tool electrode from touching directly the work piece. The results presented here support this hypothesis after it was achieved to isolate this effect from the additional heat energy from the chemical reaction. First of all the erosion on gold work piece shows that the effect only appears when the metal can be oxidized. Copper and steel show clearly that when more oxygen is present in the gap short circuiting is decreasing. Also aluminum shows the same pattern but it is not really significant. The small effect observed for aluminum is probably caused by the fact that the process shows a small amount of short circuiting already flushing with air, so no big enhancement can be reached with more oxygen in the flushing gas. The evidence that there is still a significant enhancement of the absolute MRR due to oxygen suggests that there is significant chemical reaction going on releasing heat energy and/or still changing the properties of the particles. The difference of the aluminum in respect to the other measured elements in this work may still be due to the electrical conductivity of the debris particle. In fact the most metallic nitrides are conductive but the aluminum nitride is a semiconductor. For this reason it may insulate the working gap in a similar manner as the aluminum oxide does. In the same way also the difference on the stability of the steel and the cemented carbide erosions of section 4.1 may be explained with the difference of the debris particles' properties discussed in section 5.1. These possible explanations of the influence on the MRR of work piece material and flushing gas also fit with the fact that the tool electrode material has only a poor influence on the MRR. Since only a few amount of tool material is removed and will be in the erosion gap no influence is expected.
Conclusion
A comparison of material removal rate and tool wear ratio of dry electrical discharge machining with different tool electrode, work piece materials and flushing gases at two fixed EDM parameters has been presented. The results have been compared to the discharge behavior. The comparison shows that influence on the material removal rate depends strongly on the combination of the flushing gas and the work piece material. To consider either flushing gas or work piece material doesn't suffice to predict the behavior of the erosion. The results presented permit to deduce two main effects on the material removal rate. The first one enhances the removal per spark while the second one changes the process stability meaning and thus the effective discharge frequency. The different work piece materials also show different contributions of the two effects in the overall effect on the absolute material removal rate. The enhancement of the removal per spark is reasonably explained by the additional energy released from chemical reaction with the gas or the different properties of the debris that lead to more or less reattachment. The enhancement of the effective discharge frequency seems to be related to the electrical properties of the debris particles. The two hypotheses that gases may influence directly the discharge behavior or that the different electron field emission due to different copper ox-ide films on the electrode may change the stability of the process have been confuted by the evidence of the erosion with gold work piece and their comparison with other materials. For this reason to gain better insight into the physics of the EDM process and eventually an enhancement of the DEDM process' performance the chemical interaction between work piece and flushing gas and the resulting properties of the debris particles have to be considered. Further experiments to better understand the ruling mechanisms of DEDM are running and especially efforts to support the presented hypothesis by quantitative prediction are ongoing. the research. 
Nomenclature
MRR
